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Cell-to-cell movementcumber mosaic virus (CMV)-based expression vector for the production of
heterologous proteins in plants. Cell-to-cell movement of CMV is dependent on the presence of coat protein
(CP). Previous studies have shown that deletion of 33 amino acids (aa) from the carboxy-terminus of the 3a
movement protein facilitates cell-to-cell movement that is independent of CP. The CMV-based expression
vector that we have designed utilizes this truncated 3a protein, allowing the expression of target genes from
the strong CP subgenomic promoter and without the need for providing CP in trans for cell-to-cell spread.
Using this vector we achieved expression levels of ~450 mg/kg leaf tissue of green ﬂuorescent protein (GFP)
when the vector was delivered into Nicotiana benthamiana plants by agroinﬁltration. Human growth
hormone (hGH), on the other hand, accumulated to ~170 mg/kg of leaf tissue when the same approach was
used to deliver the vector.
© 2008 Elsevier Inc. All rights reserved.Introduction
Plants are attractive alternatives to conventional systems for
recombinant protein production because they are inexpensive sources
of biomass, possess eukaryotic post-translational modiﬁcation
machinery, and are considered safe due to the fact that plants
generally do not harbor pathogens that infect humans (Daniell et al.,
2001; Pogue et al., 2002). Among plant-based approaches, plant virus
expression systems have shown great promise because of the high
yields and rapid speed with which recombinant proteins can be
engineered and produced at a large scale (Pogue et al., 2002). Plant
viruses including Tobacco mosaic virus (TMV), Potato virus X, Alfalfa
mosaic virus, Cucumber mosaic virus, and Cowpea mosaic virus have
been engineered as expression vectors and several studies have
shown that plant-produced recombinant proteins are biologically
active e.g. vaccine antigens are immunogenic and provide protection
against challenge infection, or the proteins are enzymatically active
(Donson et al., 1991; Chapman et al., 1992; Yusibov et al., 1997;
Lomonossoff and Hamilton, 1999; Zhao et al., 2000; Sanchez-Navarro
et al., 2001; Pogue et al., 2002; Scholthof et al., 2002; Yusibov and
Rabindran, 2004). Earlier generations of these virus-based vectors
however suffered from relatively low levels of target protein
expression and relative instability of the vector. In recent years,
therefore, there has been a major focus on enhancing levels of target
accumulation. Signiﬁcant improvements in the expression of targetRabindran).
l rights reserved.genes have been achieved using Agrobacterium-mediated delivery of
the viral vector sequence into the plant cell (Gleba et al., 2005;
Musiychuk et al., 2007), and a few facilities for large-scale production
have been built.
CMV, the type member of the genus Cucumovirus, belongs to the
family Bromoviridae. The CMV genome consists of three single-
stranded RNAs, RNA 1, 2, and 3. RNAs 1 and 2 encode proteins 1a and
2a, respectively, which are involved in viral replication (Hayes and
Buck, 1990; Nitta et al., 1988). RNA 3 encodes the 3a protein, that is
required for cell-to-cell movement (Ding et al., 1995), and CP that is
required for encapsidation and cell-to-cell movement (Suzuki et al.,
1991; Boccard and Baulcombe, 1993: Canto et al., 1997). CP is
expressed from a subgenomic RNA, RNA 4 (Schwinghamer and
Symons, 1975). The suppressor of RNA silencing, 2b (Brigneti et al.,
1998), is translated from a second subgenomic RNA, RNA 4A, that is
encoded on RNA 2 (Ding et al., 1994). In previously reported versions
of CMV-based vectors the foreign gene was placed under the control
of the CP subgenomic promoter and CP was either provided in trans
(Zhao et al., 2000) to allow for cell-to-cell movement, or not provided
at all, in which case the viral vector was limited to the initially
infected cells (Sudarshana et al., 2006). Previous studies have shown
that deletion of the C-terminal 33 amino acids (aa) of CMV 3a
movement protein (MP) enabled viral cell-to-cell movement inde-
pendently of CP, although at a lower efﬁciency than wild type CMV
(Kim et al., 2004; Nagano et al., 1997, 2001). Here we describe a CMV-
based expression vector that utilizes the mutant 3a MP for CP-
independent cell-to-cell movement. This new vector was incorpo-
rated into an agrobacterial binary vector and delivered into N.
benthamiana plants via agroinﬁltration. The results demonstrate that
Fig.1. Effect of C-terminal 33 aa deletion on 3aMP. N. tabacum leaves were inoculated with T7 RNA transcripts from pNOTIX1, pNOTIX2, and pNOTIX3a-GFP (A) or pNOTIX1, pNOTIX2,
and pNOTIX3ΔC33-GFP (B). At 7 dpi, the leaf tissues were examined for GFP ﬂuorescence by ﬂuorescencemicroscopy. The scale bars in the images are 60 μm. Genome organization of
the RNA 3 component is shown below the respective image. MP is the 3a cell-to-cell movement protein. Arrow indicates position of CP subgenomic mRNA promoter.
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recombinant protein production.
Results
A 33 aa C-terminal deletion in 3a MP of CMV Ixora supports
CP-independent cell-to-cell movement of the virus
In order to assess infectivity of the vector the mixture of in vitro-
generated transcripts from pNOTIX3a-GFP (Fig. 1A), pNOTIX1 (RNA 1)
and pNOTIX2 (RNA 2) were electroporated into protoplasts prepared
from BY-2 suspension cells. The cells exhibited green ﬂuorescence at
48 hours post inoculation when examined under a ﬂuorescence
microscope (data not shown). When the transcripts were inoculated
onto expanding leaves of N. tabacum cv Xanthi nn, GFP ﬂuorescence
could be detected only in the initially infected cells (Fig. 1A). This was
expected since NOTIX3a-GFP lacks CP, and therefore cannot move cell
to cell as shown previously by Canto et al. (1997). To conﬁrm the effectFig. 2. Schematic representation of CMV-based binary vectors. (A) Three-component system
vector. (B) pMFC-21.0 which has RNA 1 and RNA 2-encoding units within the same T-DNA. (C)
RB correspond to the left border and right border, respectively, of the T-DNA. 35S correspond
hammerhead ribozyme was placed 3′ of the viral sequence. 1a and 2a encode replicase proof deletion of the C-terminal 33 aa of 3a protein on cell-to-cell
movement of the virus, previously described for Fny and Y strains of
CMV (Kim et al., 2004; Nagano et al., 2001), pNOTIX3ΔC33-GFP (Fig.
1B), that has a similar deletion in the Ixora 3a protein, was generated.
When a mixture of in vitro-synthesized transcripts of wt RNAs 1 and 2
and RNA3ΔC33-GFP (prepared using pNOTIX3ΔC33-GFP) was inocu-
lated onto N. tabacum leaves, GFP ﬂuorescence appeared as clusters of
cells by 7 days post inoculation (dpi; Fig. 1B). Similar results were
observed in N. benthamiana (data not shown). Although capable of
cell-to-cell movement, because the virus lacked CP, its movement was
restricted to the inoculated leaves.
Recombinant protein expression
Having established the CP-independent cell-to-cell movement of
CMV Ixora with 3aΔC33, we generated pMFC-1.0, pMFC-2.0 and
pMFC-3ΔC33-GFP (Fig. 2A) that contain the individual 35S-cDNA
(from each viral RNA)-nosT units in pGreenII (Hellens et al., 2000).where RNA 1, RNA 2 and RNA 3-encoding units are each cloned into the pGreenII binary
pMFC-213ΔC33-GFPwhere all CMV components are encodedwithin one T-DNA. LB and
s to the CaMV 35S promoter and nosT is the nopaline synthase terminator sequence. The
teins, and 2b encodes the suppressor of silencing.
Fig. 3. Expression of GFP in N. benthamiana plants. (A) GFP expression in leaf sectors inﬁltrated with Agrobacterium cells containing the following constructs: pMFC-1.0, pMFC-2.0 and
pMFC-3ΔC33-GFP (inﬁltration area I), pMFC-21.0 and pMFC-3ΔC33-GFP (area II) and pMFC-213ΔC33-GFP (area III) (with I, II, III labeling applying to each of the ﬁve panels). (B) and
(C) Immunoblot analysis of leaf tissue samples from inﬁltrated areas I, II and III of leaves identically treated as in (A). Lane 1, 100 ng puriﬁed GFP, lane 2, SeeBlue molecular weight
marker (Invitrogen), and lane 3 uninfected leaf tissue. Lanes I, II, III, and 3 were loaded with total protein from 0.25 mg of leaf tissue.
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helper plasmid pSoup (Hellens et al., 2000). The three Agrobacterium
cultures containing each plasmid were combined and inﬁltrated into
N. benthamiana plants. The results showed that using this three-
component system, GFP expression was apparent by 3 dpi (Fig. 3A).
To minimize the complexity of the vector system and further
improve delivery of all virus components into the same cell, we thenFig. 4. Cell-to-cell movement enhances GFP expression levels.N. benthamiana leaves were inﬁ
or with pMFC-21.0 and pMFC-3ΔC33-GFP (right side of leaf), and ﬂuorescence emission exam
leaf tissues infectedwith pMFC-21.0 and pMFC-3a-GFP (C) or with pMFC-21.0 and pMFC-3ΔC
(E) Immunoblot analysis: Lane 1, 100 ng of puriﬁed GFP, lane 2, SeeBlue molecular weight ma
and lanes 5 and 6, samples from leaf tissue inﬁltrated with pMFC-21.0 and pMFC-3ΔC33-Ggenerated the vector pMFC-21.0 (Fig. 2B) containing both CMV RNA 1
and RNA 2 encoding units within the same T-DNA. Indeed, when N.
benthamiana plants were inﬁltrated with two Agrobacterium cultures,
one that harbored pMFC-21.0 and the other pMFC-3ΔC33-GFP, GFP
expression could be detected in the inoculated leaves as early as 2 dpi,
a day earlier thanwith the three-component system (data not shown).
Higher intensity of green ﬂuorescence (Fig. 3A), and a stronger GFPltrated with Agrobacterium cells carrying pMFC-21.0 and pMFC-3a-GFP (left side of leaf),
ined after illuminationwith long wave UV light at 3 dpi (A) and at 5 dpi (B). At 5 dpi, the
33-GFP (D) were examined by ﬂuorescencemicroscopy. The scale bars represent 100 μm.
rker, lanes 3 and 4, samples from leaf tissue inﬁltratedwith pMFC-21.0 and pMFC3a-GFP,
FP. Total protein from 0.3 mg of leaf tissue was analyzed in lanes 3–6.
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component system was more efﬁcient than the three-component
system. However, by 5 dpi GFP expression levels from both systems
were nearly the same. The next step was to determine if incorporating
all three cDNAs (for RNAs 1, 2, and 3) within the same T-DNA in one
binary vector would further enhance vector efﬁciency. To examine
this, we generated a single component CMV vector, pMFC-213ΔC33-
GFP (Fig. 2C). The intensity of green ﬂuorescence emitted by
inoculated N. benthamiana leaves was similar to that observed with
the two-component system (Fig. 3A). Immunoblot analysis of tissue
samples taken at different time points after agroinﬁltration with the
1- or 2-component CMV vector system conﬁrmed that the expression
levels of GFP at each time point were comparable between the
systems (Fig. 3C). Accumulation of GFP appeared to peak at 9 dpi and
decline by 11 dpi, at which time tissue necrosis became apparent (Fig.
3). At the peak, GFP accumulation at ~450 mg/kg leaf tissue
(corresponding to 5–10% of total soluble proteins, TSP) could be
achieved.
Cell-to-cell movement of CMV is important to attain high levels of foreign
gene expression
To determine if cell-to-cell movement of CMV is necessary for
optimal recombinant protein production N. benthamiana plants were
inﬁltrated with Agrobacterium cultures harboring either version of the
CMV RNA 3-based vector, pMFC-3a-GFP that encodes wild type 3a MP
and is therefore incapable of cell-to-cell movement independent of CP,
or pMFC-3ΔC33-GFP, that has the ΔC33 version of 3a MP, and can
move cell to cell independent of CP. Leaves were co-inﬁltrated with
pMFC-21.0 (that provides replicase proteins). We inoculated separate
halves of the same leaves with each construct to ensure a reliable
comparison.When illuminated with longwave UV light it was evident
that by 3 dpi GFP ﬂuorescence induced by MFC-3ΔC33-GFP was
higher (Fig. 4A, right side of leaf), whereas MFC-3a-GFP induced very
weak ﬂuorescence even at 5 dpi (Fig. 4B, left side of leaf). When
examined by ﬂuorescence microscopy it was evident that at 5 dpi,
MFC-3a-GFP infected only a limited number of epidermal cells (Fig.
4C), whereas, GFP ﬂuorescence in MFC-3ΔC33-infected leaves was
uniform, with GFP distributed in both epidermal and mesophyll cells
(Fig. 4D). Immunoblot analysis of tissue samples conﬁrmed that GFP
accumulation was indeed lower in MFC-3a-GFP-infected leaves than
in MFC-3ΔC33-GFP-infected leaves (Fig. 4E). These results indicate
that cell-to-cell movement of the CMV vector is critical for optimum
expression.Fig. 5. Expression of human growth hormone (hGH) in N. benthamiana. Leaf tissue
samples were collected at 4 and 7 dpi and subjected to immunoblot analysis. Lane 1
contains 10 ng of hGH standard, lane 2, SeeBlue molecular weight marker, lane 3,
samples from an uninfected plant, lanes 4 and 5, samples taken at 4 dpi and 7 dpi
from leaf tissue inﬁltrated with a 1:1 mixture of Agrobacterium cells carrying pMFC-
21.0 and pMFC-3ΔC33-hGH. Total protein from 1.2 mg of fresh leaf tissue was loaded
in lanes 3–5.Expression of human growth hormone
To demonstrate the use of the new CMV vector for production of
proteins of pharmaceutical relevance, sequence encoding human
growth hormone was subcloned into the CMV vector. After introduc-
tion of the resultant plasmid, pMFC-3ΔC33-hGH along with pSoup
into A. tumefaciens, plants were inﬁltrated with a mixture of two
bacterial cultures, one that contained pMFC-21.0 (Fig. 2B) and the
other with pMFC-3ΔC33-hGH. We examined hGH production using
only the two-component system because results with GFP indicated
that both the one-component and two-component system were
equally efﬁcient (Fig. 3). Tissue samples were collected at 4 and 7 dpi
and analyzed by SDS-PAGE followed by immunoblot analysis (Fig. 5).
The level of accumulation of hGH was higher at 4 dpi and was
estimated at ~170 mg/kg leaf tissue.
Discussion
We have developed a new plant expression vector based on CMV,
which uses the CP subgenomic promoter for expression of foreign
genes, and is independent of CP for cell-to-cell movement. This CMV-
based vector takes advantage of the fact that a truncated MP, which
has the C-terminal 33 amino acids deleted, can support cell-to-cell
movement of the virus without CP. This deletion in 3a MP has been
reported to support CP-independent cell-to-cell movement of two
other strains of CMV, Fny (Kim et al., 2004) and Y (Nagano et al., 2001),
and in this study we have conﬁrmed and extended the result to the
Ixora strain. Furthermore, we have taken advantage of the efﬁcient
delivery of genes by Agrobacterium-mediated inﬁltration, by generat-
ing constructs in which CMV genome sequences are placed under the
control of the CaMV 35S promoter in binary vectors. Using this system
accumulation of GFP at ~450 mg/kg and hGH at ~170 mg/kg of leaf
tissue were achieved in N. benthamiana. The peaks of accumulation of
GFP and hGH were different. Different recombinant proteins have
different peaks of accumulation using the same expression system.
This has been observed with other expression systems as well
(Musiychuk et al., 2007; Mett et al., 2008).
There have been several attempts to develop CMV-based vectors to
produce recombinant proteins in plants. CMV's tripartite genome
structure and the requirement of CP for viral cell-to-cell movement
have made it more challenging to develop a robust vector system. One
of the early attempts to generate an expression system followed a
complementation approach (Zhao et al., 2000) in which the foreign
gene was placed under the CP subgenomic promoter on one RNA 3
molecule, while another RNA 3 molecule provided CP. However,
because of the presence of homologous sequences in the two RNA 3
components, rapid intermolecular recombination resulted in the
generation of wild-type-like viral genomes that lost the foreign gene
inserts. Sudarshana et al. (2006) developed a chemically inducible
CMV vector system, using the estradiol inducible XVE system (Zuo et
al., 2000), in which transcription of the gene for RNA 1 was regulated
by the inducer, estradiol. Sequences for both RNA 2 and RNA 3 were
placed behind the 35S promoter, and the foreign gene replaced CP in
RNA 3. After agroinﬁltration and induction, the target protein,
recombinant α1-antitrypsin (rAAT) accumulated to ~0.57% TSP in
leaf tissue (Sudarshana et al., 2006). More recently, by multiple
applications of inducer, levels of accumulation of rAAT increased to
5.8% TSP (Plesha et al., 2007). In another approach, Matsuo et al.
(2007) utilized the 2b subgenomic promoter (encoded on RNA 2) for
expression of target protein. In this vector design RNA 3 is intact and
therefore both MP and CP are produced and the virus moves
throughout the plant. Using this system human acidic ﬁbroblast
growth factor accumulated to ~5–8% TSP at 14 dpi in N. benthamiana.
While the production of target protein with our vector system is
limited to only the inﬁltrated leaves, by using vacuum inﬁltration
(Musiychuk et al., 2007) to deliver the Agrobacteria to the whole plant
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the requirement for phloem-mediated long distance movement for
infection of the whole plant is circumvented.
Since CMV has a tripartite genome, it is important that all three
RNAs are delivered into the same cell for virus infection. When we
compared the three-component (RNA 1, 2 and 3-encoding units
delivered separately) and the two-component system (RNAs 1 and 2-
encoding units present on a single T-DNA, and the RNA 3-based
expression vector on a second binary vector), we observed GFP
ﬂuorescence at an earlier time point in plants inﬁltrated with the
latter system. This indicated that the three component systemwas less
efﬁcient in delivering all three RNA-encoding units into one cell. At
later time points, however, both systems showed equivalent GFP
accumulation, probably because of cell-to-cell movement. By contrast,
a one-component system, with all three RNAs on a single binary
vector, did not appear to be more efﬁcient than the two-component
system. However, by combining sequences for all three RNAs on a
single vector, costs for Agrobacterium fermentation areminimized and
co-delivery of RNAs is guaranteed.
A factor that could affect expression levels mediated by plant RNA
virus expression vectors delivered by agroinﬁltration is improper
processing of the primary RNA transcript in the plant nucleus
resulting in low infectivity. Using a movement-deﬁcient TMV-based
expression vector that was delivered into N. tabacum by agroinﬁltra-
tion, Man and Epel (2006) demonstrated that not all cells in the area of
inﬁltration produced the target protein GFP, whereas with a binary
vector expressing GFP, all cells in the area of inﬁltration expressed GFP.
The authors suggest that the low infectivity of the construct could be
due to improper processing of the primary transcript, premature
cleavage of the primary transcript by the ribozyme before transport
from the nucleus, or inefﬁcient cleavage by the ribozyme in the
cytoplasm. Like TMV, CMV is also an RNA virus that does not normally
have a nuclear stage, and therefore improper RNA processing of
primary transcripts in the nucleus could affect infectivity and
expression levels. Marillonnet et al. (2005) showed that by removing
putative splice sites by site directed mutagenesis, and introducing
multiple introns into a TMV-based viral vector sequence, the number
of infected cells increased from 0.6–1.6% to ~96%. Another factor that
could affect expression levels is RNA silencing. Several studies have
shown that with the use of suppressors of silencing higher levels of
transgene expression can be achieved in plants (Voinnet et al., 2003;
Chiba et al., 2006). Using the inducible CMV expression system,
Sudarshana et al. (2006) observed a 3-fold increase in expression
levels of rAAT when P19 (a suppressor of silencing from Tomato bushy
stunt virus) was coexpressed in plants.
CMV-based expression vectors are particularly attractive because
the virus has a very broad host range that includes more than 1,000
species of plants, shrubs, and trees, that comprise both monocots and
dicots (Palukaitis et al., 1992). In this study we used N. benthamiana
because it has been extensively used for foreign protein production
using plant virus-based expression vector systems, and it is particu-
larly suitable for agroinﬁltration. We are currently examining other
plant species.
In summary, the CMV-based expression vector that we have
described shows great potential for the production of recombinant
proteins, including vaccine antigens and therapeutic proteins inplants.
Materials and methods
Construction of CMV vectors
Infectious clones of the CMV strain Ixora, pNOTIX1, pNOTIX2 and
pNOTIX3 inwhich the full-length cDNA copies of genomic RNA 1, RNA
2 and RNA 3 were cloned under the T7 promoter, respectively
(McGarvey et al., 1995; Tousignant et al., 1996), were kindly provided
by Dr. R. W. Hammond, USDA-ARS, Beltsville, MD.For convenience of target gene cloning two unique restriction sites,
PacI and XhoI, were introduced into pNOTIX3 by PCR-based mutagen-
esis so that the foreign gene could replace the CP open reading frame.
Using PacI and XhoI the gene encoding GFP was cloned into pNOTIX3
to create pNOTIX3a-GFP (Fig. 1A); this gene encodes a mutant of
GFPC3 (Crameri et al., 1996), GFPC3⁎, that was engineered to remove
the internal NcoI and XhoI restriction enzyme recognition sites to
facilitate subcloning. pNOTIX3a-GFP was further modiﬁed by PCR-
based mutagenesis to delete the C-terminal 33 aa of the 3a MP to
obtain pNOTIX3aΔC33-GFP (Fig. 1B).
Construction of binary vectors for agroinﬁltration was carried out
by PCR cloning of the Cauliﬂower mosaic virus 35S promoter (CaMV
35S), cDNAs for CMV genomic RNAs, the nos terminator (nosT), and
the hammerhead ribozyme using appropriate primers. The pGreen
binary vector system (kindly provided by Roger Hellens and Phil
Mullineaux of the John Innes Centre; Hellens et al., 2000) was used to
subclone the CMV viral sequences. The launch vector pBID4
(Musiychuk et al., 2007) was used as template for 35S, nosT, and
hammerhead ribozyme sequences. The self-cleaving hammerhead
ribozyme sequence was inserted at the 3′ end of each cDNA, upstream
of nosT, to ensure that the primary transcripts had precise 3′ termini
(Turpen et al., 1993). pNOTIX clones were used as templates for PCR
and subcloning of cDNAs for RNAs 1, 2 and 3. Primer sets were
designed to include particular restriction enzyme recognition sites for
cloning each 35S-cDNA-nosT unit into pGreenII. 35S-cDNA (RNA 1)-
nosT was cloned between BamHI and NotI sites and named pMFC-1.0
(Fig. 2A), and the unit for RNA 2 was cloned between ApaI and BamHI
sites to generate pMFC-2.0 (Fig. 2A). For the RNA 3 construct, the XhoI
site in pGreenII was eliminated to facilitate subsequent subcloning of
foreign genes using PacI and XhoI restriction endonucleases. Two
versions of the CMV RNA 3 unit were generated, one that encoded
wild type 3a protein and a second that encoded the 3a protein with
the deletion of C-terminal 33 aa. These RNA 3 units were cloned
between the NotI and SacII sites of pGreenII to produce pMFC-3a-GFP
and pMFC-3aΔC33-GFP, respectively (Fig. 2A). The plasmid pMFC-21.0
(Fig. 2B) which contains both RNA 1 and 2 units within the same
transfer DNA (T-DNA: sequence between the left border and right
border that is transferred into the plant cell) was constructed by
cloning the BamHI/NotI fragment from pMFC-1.0 into pMFC-2.0 (Fig.
2A). The binary plasmid, pMFC-213ΔC33-GFP (Fig. 2C) that harbors all
three components of CMV for replication and movement, and also
encodes the foreign gene within the same T-DNA, was generated by
introducing the NotI/ApaLI fragment from pMFC-3ΔC33-GFP (Fig. 2A)
into pMFC-21.0 (Fig. 2B). pMFC-3ΔC33-hGH was generated by
replacing GFP sequence in pMFC-3ΔC33-GFP with hGH sequence
using PacI and XhoI restriction endonucleases. Sequence for hGH was
excised from the TMV-based vector 30B-hGH (Rabindran et al.,
unpublished data).
In vitro transcription, protoplast transfection and plant inoculations
Plasmids pNOTIX1, pNOTIX2, pNOTIX3a-GFP, and pNOTIX3ΔC33-
GFP were linearized with BamHI and in vitro transcripts synthesized
using AmpliCap T7 High Yield Message Maker Kit (Epicentre
Biotechnologies) according to the manufacturer's instructions.
Tobacco BY-2 suspension cells were maintained and prepared for
isolation of protoplasts essentially as described previously (Watanabe
et al., 1987). Approximately 106 protoplasts were transfected by
electroporation with a transcript mixture that contained approxi-
mately 0.5 μg each of RNAs 1, 2 and 3 by methods described
previously (Watanabe et al., 1987). The protoplasts were incubated in
the dark at 28 °C and examined for GFP expression by ﬂuorescence
microscopy 48 hours post transfection. For plant inoculations, 4–6
week old N. tabacum or N. benthamiana plants were dusted with
carborundum and the transcripts gently rubbed onto the surface of
the leaves.
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Transformation of Agrobacterium tumefaciens strain GV3101 with
the series of CMV constructs in the binary vector pGreenII was
performed by co-electroporation of the plasmids with the helper
plasmid pSoup, which provides replication functions in trans for
pGreen (Hellens et al., 2000). Cells were typically grown overnight
(~17 h) at 28 °C in 3 ml of Luria broth with kanamycin at 50 μg/ml.
Harvested cells were resuspended in sterile water and the optical
density (O.D. at 600 nm) was adjusted as needed. For the one-
component CMV vector (pMFC-213ΔC33-GFP), the O.D. was adjusted
to 1.0. For the two-component system, the O.D. of the two Agrobac-
terium cell suspensions was adjusted to 1.0 and the cultures then
mixed at a 1:1 ratio of pMFC-21.0: pMFC-3ΔC33-GFP. To test the three-
component system, each Agrobacterum culture was adjusted to an O.
D. of 1.0 and then mixed at a 1:1:1 ratio of pMFC-1.0: pMFC-2.0:
pMFC-3ΔC33-GFP. The cell suspensions were inﬁltrated into 4–6week
old N. benthamiana leaves using a 1 ml syringe without a needle. Each
experiment was repeated at least three times for reproducibility.
Microscopy
Plant cell imaging was performed at the Delaware Biotechnology
Institute Bio-Imaging Center at the University of Delaware. Leaf discs
from N. tabacum or N. benthamiana were examined using a Zeiss
Axioskop 2 with standard ﬁlter sets for GFP ﬂuorescence. In order to
improve the optical quality of the images, leaf samples were inﬁltrated
with water prior to examination to eliminate air spaces (Hawes and
Satiat-Jeunemaitre, 2001).
Protein extraction and immunoblot analysis
Leaf discs, 9 mm in diameter, with a mean weight of 6 mg were
collected from the inﬁltrated leaves for immunoblot analysis. Two
discs were ground in 100 μl of SDS-PAGE sample buffer, immediately
boiled for 5 minutes and brieﬂy centrifuged for 2 minutes at
10,000 rpm in a Sorvall microfuge to separate cell debris. Aliquots of
the supernatant from each sample was separated by 10% SDS-PAGE
(Laemmli, 1970) and subsequently transferred to nitrocellulose
membrane (NitroBind, GE Water and Process Technologies). GFP was
detected with rabbit anti-GFP antibody (Clontech) followed by
alkaline phosphatase (APS)-conjugated goat anti-rabbit antibody. For
detection of hGH chicken anti-hGH antibody (GenWay Biotech, Inc.)
followed by APS-conjugated rabbit anti-chicken antibody was used.
SIGMA FAST BCIP/NBT (Sigma-Aldrich) tablets were used to prepare
the substrate solution. GFP (Clontech) and hGH (Humatrope, Eli Lilly
and Company) were used as standards. Levels of expression were
estimated by measuring the intensity of each band using Kodak 1D
software v.3.5.4 (Kodak Scientiﬁc Imaging Systems).
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